NDRG2, a newly identified tumor suppressor, is also responsive to various stresses, such as hypoxia and DNA damage. Here, we reported that in human hepatoma SK-Hep-1 and HepG2 cells, NDRG2 mRNA and protein levels were upregulated by different endoplasmic reticulum stress inducers including Tg, Tm, and DTT. Further, using NDRG2-overexpressing hepatoma cell lines and Ndrg2 KO mice liver tissues, we found that, among the three branches of unfolded protein response signaling, NDRG2 facilitates protein kinase RNA-like ER kinase (PERK) pathway via interaction with PERK, enhancing its downstream ATF4 and CHOP. Functionally, NDRG2 promotes ERS-induced apoptosis partially through ATF4 or CHOP. Thus, NDRG2 is a novel ERS-responsive protein and acts as PERK co-factor to facilitate PERK branch, thereby contributing to ERS-induced apoptosis.
The endoplasmic reticulum (ER) plays important roles in many cellular processes including protein folding and maturation, lipid synthesis and calcium and redox homeostasis. When cells suffer from different perturbations such as energy or nutrition deficiency, hypoxia, oxidative stress, or glycosylation inhibition, the function of ER is disrupted, leading to abnormal accumulation of unfolded or misfolded proteins in the ER, referred to ER stress [1, 2] . ER stress initiates integrated adaptive signaling pathways to cope with unfolded proteins, which are known as the unfolded protein response (UPR), whose outcome is to restore ER homeostasis [1, 2] . But if ER stress is too long or severe, UPR signaling will lead to cell death. Therefore, UPR is not only linked to physiological conditions but also contributes to the pathogenesis of many diseases, such as cancer, neurodegeneration, and metabolic disorders [2, 3] .
UPR contains three well-characterized arms initiated by three ER-transmembrane sensors, protein kinase RNA-like ER kinase (PERK), inositol-requiring enzyme 1a (IRE1a), and activating transcription factor 6 (ATF6) [4] . First, IRE1a RNase activity mediates the splicing of XBP1 mRNA into XBP1s, and degradation of some ER-localized mRNAs, termed regulated IRE1-dependent decay of mRNAs (RIDD).
Second, activated PERK phosphorylates the eukaryotic translation initiation factor 2 a (eIF2a), which in turn attenuates global translation. Concomitantly, phosphorylated eIF2a increases the selective translation of the mRNA encoding transcription factor ATF4, whose target genes include CHOP, itself inducing the transcription of GADD34, thereby creating a feedback regulation via dephosphorylation of eIF2a and restarting translation. Third, ATF6 is transported to the Golgi where it is processed into its cytosolic domain fragment (ATF6f) as an active transcription factor [1, 4, 5] . XBP1s, ATF4, and ATF6, also known as UPR transcription factors, control distinct, and overlapping subsets of UPR target genes involved in protein folding, ER-associated degradation, quality control, lipid synthesis, etc. Collectively, these transcriptional and translational outputs determine cell fate, either re-establishing ER homeostasis and maintaining cell survival, or alternatively promoting cell death [1, 5] . Importantly, it is becoming clear that UPR can be fine-tuned by protein-protein interactions and/ or post-translational modifications of UPR stress sensors, also termed UPRosome, which modulates the amplitude, the kinetics, as well as the outcome of UPR signaling [1, 5] . But up to date, the whole picture of such UPRosme is far from clear.
Accumulating evidences have suggested that UPR can activate distinct program of cell death machinery. For example, sustained IRE1a activity signals through the JNK and/or RIDD to switch to cell death [5] . Under chronic ER stress, persistent PERK signaling selectively upregulates ATF4 and its downstream gene CHOP, which inhibits expression of the antiapoptotic BCL-2 and induces the expression of death receptor DR5 to promote cell death [6, 7] . Notably, a recent study reported that CHOP and ATF4 cooperate to transcriptionally activate the target genes that enhance protein synthesis, leading to cell death because of ROS production and ATP depletion [8] . Therefore, the molecular mechanisms of ER stress-induced cell death may differ depending on cell-type and stress intensity and duration, awaiting fully understood.
N-myc downstream-regulated gene 2 (NDRG2), a member of NDRG family which consists of NDRG1-4, is a newly identified tumor suppressor gene and a stress-responsive gene [9, 10] . NDRG2 is generally localized to the cytoplasm and widely expressed in developing tissues, with high level in muscle, brain, heart, and liver [10] . Our previous study firstly reported that NDRG2 was downregulated in glioma and its overexpression inhibited cell proliferation [11] . Thereafter, mounting evidences from our group and others have demonstrated that the expression of NDRG2 is downregulated in different types of cancers derived from brain, lung, liver, breast, etc., and negatively associated with pathological traits and prognosis [9] . In addition to cell proliferation [11] , NDRG2 has been well documented to be implicated in the regulation of various biological processes, including cell differentiation [12] , apoptosis [13] [14] [15] , invasion [16] [17] [18] , and energy metabolism [19, 20] . Recently, Ndrg2 knockout (KO) mice were reported to develop various types of cancer including lymphoma, hepatocellular carcinoma and bronchoalyeolar carcinoma, providing the robust in vivo evidence that NDRG2 functions as a tumor suppressor [21] . Additionally, growing evidences have shown that NDRG2 is also involved in cellular response to various stresses [10] , such as hypoxia [22, 23] , ischemia [24] , lipotoxicity [25] , DNA damage [13] , ischemia-reperfusion injury [26, 27] , and oxidative stress [26, 28] . However, whether NDRG2 has protective or detrimental outcome during different stress conditions or in different cell-type still needs to be clarified.
In this study, we attempted to investigate whether NDRG2 is involved in ER stress and its functional role. Firstly, human hepatoma cell lines were treated with different ER stressors to induce ER stress and observe NDRG2 alterations in mRNA and protein levels. Next, we profiled UPR signaling in stable NDRG2-overexpressing hepatoma cells as well as in the liver tissues of Ndrg2 KO mice upon ER stress, to address if NDRG2 is involved in UPR regulation. Finally, we determined the function of NDRG2 during ERS-induced apoptosis both in hepatoma cell lines and in Ndrg2 KO mice tissue and further explored the molecular mechanism.
Materials and methods
The routine experimental procedures, including tissue histology, TUNEL, electron microscopy, western blot, and quantitative real-time PCR are described in Supporting information.
Cell lines, cell culture, and ER stress agents SK-Hep-1 and HepG2 cells were purchased from American Type Culture Collection (ATCC, Rockefeller, MD, USA). HEK-293T cells were maintained in our laboratory. SK-Hep-1 and HepG2 cells were cultured in the a-MEM medium, and HEK-293 cells cultured in DMEM medium, supplemented with 10% fetal bovine serum (GibcoBRL, Grand Island, NY, USA), at 37°C in a 5% CO 2 incubator. Cells were plated at a density of 4-5 9 10 5 cells/60 mm dish and cultured overnight before application of treatment with 2 lgÁmL À1 tunicamycin (Tm), 100 nM thapsigargin (Tg), or 1 mM DTT (SigmaAldrich, Billerica, CA, USA) for different time points.
Virus packaging and cell infection
Recombinant lentivirus carrying NDRG2 and Cherry (pLenti6-mCherry/NDRG2) were constructed with ViraPower TM Lentiviral System (Invitrogen, Carlsbad, CA, USA) previously in our laboratory [19] . HEK-293T cells were transfected with pLenti6-mCherry/NDRG2 together with psPAX2 and pMD2.G using 
Mice experiment
All procedures were followed the Guide for the Care and Use of Laboratory Animals. Ndrg2 +/À mice constructed previously [29] were maintained and crossed to each other to generate wild-type and Ndrg2 KO littermate. The mice were maintained in filter-topped cages with autoclaved water and regular chow diet consecutively for 10 weeks. The WT/Ndrg2 KO littermate mice were untreated or injected intraperitoneally with Tm (2 mgÁkg À1 body weight)
for 8 h or 30 h. All mice were sacrificed following treatment with 1% sodium pentobarbital (8 llÁg
À1
) containing sodium heparin via intraperitoneal injection. The liver tissues were divided into pieces, some of which were snap-frozen directly and stored at À80°C and the others were preserved in 4% paraformaldehyde.
Co-Immunoprecipitation
SK-Hep-1-NDRG2 cells cultured in 100 mm plate were transiently transfected with pcDNA3-PERK and 24 h later, cells were treated with or without Tm (2 lgÁmL
À1
) for 4 h and lysed on ice in lysis buffer (30 mM Tris, pH 7.5, 150 mM NaCl, 1% Triton X-100). Protein lysates which contain 1 mg total protein were incubated with 2 lg anti-NDRG2 (#5667) or anti-PERK (#5683) (Cell Signaling Technology, Danvers, MA, USA) for 6 h at 4°C, followed by incubation with protein A+G sepharose IP beads (sc-2003; Santa Cruz Biotechnology, Santa Cruz, CA, USA) overnight at 4°C. IP beads were subsequently washed four times with lysis buffer and boiled in SDS sample buffer for 10 min. Samples were then separated by SDS-PAGE followed by immunoblot with anti-PERK, anti-NDRG2, anti-CHOP (#2895), or anti-PERK (#5683) (Cell Signaling Technology).
Cell transfection with siRNA SK-Hep-1 and SK-Hep-1-NDRG2 cells were cultured in six-well plates at a density of 5 9 10 5 cells/well. Cells were transfected with 50 nM small interfering RNA (siRNA) (GenePharma, Shanghai, China) using Lipofectamin 2000 (Invitrogen) according to the manufacturer's protocol. Twenty-four hours after transfection, the cells were treated with Tm (2 lgÁmL À1 ) or Tg (1 lMÁmL À1 ) for another 24 h to detect cell apoptosis. The sequences of siRNA oligonucleotides against human ATF4, CHOP and nontargeting controls were listed in Supporting information.
Detection of apoptosis
Cell apoptosis was measured using PI-Annexin V double staining. Cells were trypsinized and washed in PBS for twice, stained with fluorescein isothiocyanate (FITC)-labeled annexin V and PI (BD Pharmingen, SanDiego, CA, USA). Annexin V-positive, PI-positive or negative apoptotic cells were analyzed using flow cytometry (Epics Eliteflow cytometer; Coulter, Miami, FL, USA). The ratio of apoptotic cells were presented as means AE SD of triplicate values from three independent experiments. In vivo apoptosis was detected using TdT-mediated dUTP nick end labeling (TUNEL) Apoptosis Detection Kit (Hoffmann-La Roche, Basel, Switzerland), according to the manufacturer's instructions. Percentage of positive cells among total cell number at 200-fold magnitude was counted at 10 random field using IMAGE J software (National Institutes of Health, Bethesda, MD, USA) and presented as means AE SD.
Statistical analysis
The results are expressed as means AE SD and all in vitro experiments were repeated at least three times independently. Statistical analyses were performed using the Student's t-test for independent groups. A P value < 0.05 indicated statistical significance.
Results
Different ER stress inducers upregulate NDRG2 in mRNA and protein level
We first asked whether NDRG2 is involved in ER stress. To this end, we utilized human hepatoma SKHep-1 and HepG2 cells as cell model and treated them with various ERS inducers for different time point to examine NDRG2 alteration. In SK-Hep-1 cells, both Tm, an inhibitor of glycosylation of newly synthesized glycoproteins, and Tg, an effective inhibitor of Ca
2+
ATPase located in ER, led to upregulation of BIP, ATF4, CHOP, and phosphorylation of PERK as well, indicating successful induction of ER stress (Fig. 1A,  B ). Meanwhile, NDRG2 protein level was increased with the time; whose expression pattern was highly consistent with those of CHOP (Fig. 1A,B) . Similarly, we observed that NDRG2 was increased along with CHOP in HepG2 cells when treated with Tg (Fig. 1C) . Another ER stress inducer DTT, a reducing agent capable of converting -S-S-to-SH, also induced NDRG2 elevation along with activation of PERK, evinced by slowly migrating phosphorylation band; whereas upon withdrawal of DTT, p-PERK disappeared, followed by NDRG2 decline to basal level (Fig. 1D) . Consistently, quantitative real-time polymerase chain reaction (qPCR) revealed a two-to eight-fold NDRG2 mRNA induction by Tg or Tm, concomitantly with upregulation of BIP, ATF4, CHOP, and GADD34 in SK-Hep-1 hepatoma carcinoma cells (Fig. 1E,F) . Taken together, different ER stressors can induce NDRG2 transcription and expression during ER stress. NDRG2 is involved in UPR modulation by interacting with PERK and enhancing PERK branch signaling
The finding that ER stress induced NDRG2 expression promoted us to ask whether NDRG2 is involved in UPR modulation. For this purpose, Sk-Hep-1 and HepG2 cell lines that express relatively low endogenous NDRG2 were infected with NDRG2-carrying lentivirus to establish stable NDRG2-overexpressing cells. As shown in Fig. 2A,D IRE1a signal pathway, and ATF6. Similarly, Tg treatment also induced ATF4 and CHOP upregulation to a greater extent in Sk-Hep-1-NDRG2 cells than in control cells (Fig. 2C) . Such facilitative effect of NDRG2 on ATF4 and CHOP induction by Tg/Tm was further confirmed in HepG2-NDRG2 cells (Fig. 2D) . Together, NDRG2 exerts a regulatory role on UPR via enhancing PERK-ATF4-CHOP pathway, without affecting IRE1a and ATF6 branches.
It has been known that the binding of co-factors and post-translational modifications of UPR stress sensors, i.e., UPRosome, can modify the amplitude of UPR signals and the kinetics of activation and attenuation [5] . We therefore asked whether NDRG2 acts as a PERK co-factor to modify PERK downstream signal. For this purpose, we performed coimmunoprecipitation experiment to see if NDRG2 interacts with PERK. As shown in Fig. 2E , PERK protein was clearly present in the complex immunoprecipitated by NDRG2 antibody and vice verse, in the presence of ER stress inducer Tm, but not in the absence of that. Moreover, there was no interaction between NDRG2 and PERK downstream molecules, such as ATF4 and CHOP. Collectively, these data indicated that NDRG2 interacts with PERK upon ER stress and enhances its downstream signaling. ) for 24 h and cell apoptosis was analyzed by flow cytometry analysis. Data represent means AE SD (n = 3). (C) Livers from WT and Ndrg2-null mice injected with Tm (2 mgÁkg À1 body weight) were surgically removed, fixed and then subjected to TUNEL assay and HE staining. The ratio of apoptotic cells was presented as means AE SD (n = 10). **P < 0.01.
PERK-ATF4-CHOP axis is attenuated in Ndrg2 knockout liver tissues
To further investigate the physical relevance of UPR regulation by NDRG2, we examined UPR in the liver tissue of Ndrg2 deficient mice. Wild-type (WT) and Ndrg2 KO mice were generated by crossing Ndrg2 heterozygotes (Het) mice, which we constructed previously and maintained, and identified by genomic PCR as reported [29] . As expected, different genotypes can be clearly discriminated by the PCR products (419 bp for WT allele and 724 bp for KO allele) (Fig. S1A) . Western blot analysis further confirmed successful KO of NDRG2 protein in KO mice across different tissues (Fig. S1B,C) . With these normally grown WT and KO littermates, we examined UPR signal in the liver tissue under basal condition, and upon intraperitoneal injection of Tm, by western blot and q-PCR analysis.
The results demonstrated that PERK downstream gene ATF4 and CHOP, were decreased slightly in protein level and obviously in mRNA level in Ndrg2 KO mice compared with that of WT mice (Fig. 3A,  B) , Moreover, reduction of ATF4 and CHOP in Ndrg2 KO mice liver became marked under the condition of Tm-injection treatment (Fig. 3C,D) . Consistently, ultrastructural analysis revealed less rough ER content and enlarged ER in Ndrg2-null livers compared with the WT littermate livers (Fig. 3E) , suggesting that NDRG2 deficiency leads to an attenuated PERK branch signal and likely unresolved ER stress.
NDRG2 facilitates ER stress-induced cell death partially through ATF4 and CHOP
Because PERK-ATF4-CHOP axis is closely related with cell death under ER stress, we next asked whether NDRG2 is involved in cell fate decision through its regulation of PERK-ATF4-CHOP. To this end, we treated Sk-Hep-1-NDRG2 and parental Sk-Hep-1 cells with appropriate concentration of Tg or Tm and then examined cell apoptosis. The results of flow cytometry analysis (Fig. 4A,B) demonstrated that, although NDRG2 overexpression alone did not significantly affect cell apoptosis under basal condition, and Tg (1 lM) or Tm (2 lgÁmL À1 ) did not do so in control SK-Hep-1 cells, NDRG2 overexpression significantly reduced apoptosis threshold in response to Tg and Tm, which is evinced by more apoptosis rate in Tg/Tm-treated SK-Hep-1-NDRG2 cells than those in DMSO-treated cells and in Tg/Tm-treated control cells (15.38 AE 0.68 vs 9.01 AE 0.60 for DMSO, P = 0.0101, and 6.47 AE 0.91% for Tg, P = 0.0017; 13.21 AE 1.23% vs 6.76 AE 0.64% for DMSO, P = 0.0013, and 8.78 AE 0.79% for Tm, P = 0.0063). To further confirm such effect of NDRG2 on apoptosis in vivo, we injected the mice with Tm (2 mgÁkg À1 ) and 30 h later, performed HE staining and TUNEL assay to examine liver cell apoptosis. The HE staining showed that there was extensive steatosis in WT mice liver, indicated by the presence of many vacuoles with different size, but such phenomenon was not severe in KO mice liver (Fig. 4C) . The TUNEL results clearly demonstrated that Tm-induced liver cell apoptosis rate was higher in WT mice than those in Ndrg2 KO mice (21.33 AE 3.21% vs 8.01 AE 2.03%, P = 0.0037) (Fig. 4C) , suggesting that NDRG2 facilitates ER stress-induced cell death in vivo.
We next evaluated whether NDRG2 depends on ATF4 and CHOP to facilitate ER stress-induced cell apoptosis. For this purpose, we knocked down ATF4 and CHOP with siRNAs in Sk-Hep-1-NDRG2 cells and then examined cell apoptosis. As shown in Fig. 5A , three siRNAs against ATF4 and CHOP efficiently knocked down their target to the extent of at least 50%. When using two of them to knock down ATF4 and CHOP in NDRG2-overexpressing SK-Hep-1 cells, Tminduced cell apoptosis was significantly compromised (8.42 AE 0.04%, 9.61 AE 0.21%, 7.04 AE 1.27% and 9.52 AE 0.30% for siATF4-1, siATF4-2, siCHOP-1 and siCHOP-2 vs 11.64 AE 0.65% for NC, P value as 0.02, 0.0019, 0.045, and 0.0019 respectively) (Fig. 5B) . Similarly, Tg-induced cell apoptosis was significantly compromised by siRNAs against ATF4 and CHOP (15.10 AE 1.38%, 16 .64 AE 0.56%, 13.36 AE 1.29% and 14.33 AE 0.15% for siATF4-1, siATF4-2, siCHOP-1 and siCHOP-2 vs 18.94 AE 0.18% for NC, P value as 0.014, 0.031, 0.026 and 0.0013, respectively) (Fig. 5B) . Together, these data suggested that NDRG2 promotes ER stress-induced cell death partially through ATF4 and CHOP.
Discussion
This study demonstrated for the first time that NDRG2 is an ER stress-responsive protein and involved in the regulation of UPR signal through interacting with PERK and promoting PERK signal pathway. Moreover, NDRG2 facilitated cell death under ER stress partially through ATF4 and CHOP. Such a role of NDRG2 is physiologically relevant because Ndrg2-deficient liver cells exhibit attenuated PERK signal and compromised cell apoptosis under ER stress. Therefore, our study revealed a novel function of tumor suppressor NDRG2 as an ER stress-responsive protein and an important player of UPRosome.
As our understanding of the mechanisms of UPR signaling has grown, it is becoming clear that UPR signaling network is highly dynamic, depending on and integrating the information about intensity, duration, and type of stress [5] . Moreover, all UPR branches can be modulated at the level of ER sensors and transcription factors, mainly through the binding of co-factors and post-translational modifications, i.e., UPRosome [5] . Therefore, it is not surprising that some components of UPRosome play important roles in determining adaptive or apoptotic responses to ER stress. For example, N-MYC Interactor, as an IRE1a-binding partner, selectively enhances JNK activation and apoptosis [30] . Transducin b-like 2 (TBL2) is a novel PERK-binding protein that modulates PERK-ATF4 signaling and cell survival during ER stress [31] . Here, we reported that NDRG2, as a PERK co-factor, positively regulates PERK signaling and reduces the threshold of apoptosis upon ER stress. This is supported by both in vitro and in vivo evidence, showing that NDRG2 overexpression enhanced cell apoptosis partly depending on ATF4 and CHOP under ER stress, whereas Ndrg2 knockdown attenuated PERK signal and ER stress-induced apoptosis. Therefore, apart from its already established role, NDRG2 can be listed as one of positive regulators of PERK signaling and a key player for cell fate decision during ER stress. It is not clear, however, as for the detailed mechanism through which NDRG2 affects PERK's function, for example, by changing its dimer/oligomer status, competing with other regulators binding, or altering its post-translational modification via recruitment of other modifiers, which is worthy of further investigation.
As a stress-responsive gene [10] , NDRG2 has been shown to be induced and play functional role during various stresses, such as hypoxia [23] , lipotoxicity [25] , DNA damage [13] , ischemia-reperfusion injury [26, 27] , and oxidative stress [26, 28] . However, there is no general rule as to whether NDRG2 exerts beneficial or detrimental role during different stress conditions. For example, we previously reported that NDRG2, as a HIF-1 target gene [22, 23] , is necessary for hypoxia-induced apoptosis in A549 cells [23] , but promotes hypoxia-induced radioresistance in cervical cancer Hela cells by protecting cells from apoptosis [22] . Under oxidative stress, NDRG2 upregulation is associated with senescence of human lens epithelial cells and age-related cataract [28] . In response to DNA damage agent, NDRG2 is upregulated and protects Hela cells from apoptosis [14] . Most recently, we and others found that NDRG2 overexpression enhances glucose deprivation-mediated apoptosis via inhibition of AMPK pathway and fatty acid oxidation [15, 20] . Here, we further provided the evidence that NDRG2 is responsive to different types of ER stressors and promotes cell death by enhancing PERK branch and its downstream ATF4-CHOP signal. We also found that NDRG2 upregulation upon ERS could not be blocked by PERK inhibition (Fig. S2) , suggesting that another UPR branch, IRE1a or ATF6, might be involved in this process, either alone or in combination with PERK pathway, which awaits investigation. Together, the functional role of NDRG2 under different stress conditions varies, depending on cell-type and stress-type.
NDRG2 is generally located in the cytoplasm [32] . It can also translocate into nucleus [23, 33] or reside at plasma membrane [34] . Notably, NDRG2-binding partners have been shown to range from cytosolic protein such as PTEN [21] , nucleic protein such as MSP58 [33] , as well as membrane protein such as Na + /K + -ATPase [35] and GLUT1 [36] . In this study, we further added ER-located PERK as a new NDRG2-binding protein.
These evidences support the notion that NDRG2 may act as an adaptor through interacting with other biological proteins, thereby regulating diverse cellular processes. Indeed, the crystal structure of NDRG2 indicated that NDRG2, as a nonenzymatic member of a/b-hydrolase superfamily, may be implicated in molecular interactions [37] .
In summary, we reported for the first time that NDRG2, a well-established tumor suppressor, is an ERS-responsive protein and functions as a PERK cofactor to facilitate PERK-ATF4-CHOP axis, thus contributing to ERS-induced apoptosis. These data provided new clues for understanding the role and mechanism of NDRG2 and expanding our knowledge of URRosome.
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